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13.  Alf^NACT 

This  is  a final  report  on  the  first  phase  of  an  experimental  investigation  of 
surface  temperatures  generated  by  sliding  contact  between  solids.  Emphasis  is  on  the 
determination  of  surface  temperatures  by  means  of  a geometrically  simple  but 
functionally  sophisticated  device  built  around  the  use  of  an  infrared  microscope.  The 
device  consists  basically  of  a fixed  specimen  (e.g.,  sphere,  cylinder,  flat,  or  cone) 
loaded  against  a thin  rotating  disc  transparent  to  Infrared  radiation,  in  this  case 
an  optically  flat  sapphire  disc  1mm  thick.  Since  the  target  spot  size  is  much  smaller 
than  the  region  of  macroscopic  elastic  or  plastic  contact,  it  is  possible  to  scan  the 
contact  region  by  moving  the  Infrared  microscope  very  precisely  in  the  horizontal  x-y 
plane.  With  this  apparatus,  applied  loads  can  be  varied  from  0.1  to  ION  while  sliding 
velocities  from  ^0“^  to  more  than  lOm/s  can  be  achieved.  Measurements  made  Include 
radiance,  emissivlty,  friction,  and  area  of  contact  and  surface  damage  information 
obtained  from  scanning  electron  micrographs 

Using  this  method,  the  surface  temperature  and  tribological  behavior  of  several 
model  systems  (e.g.,  various  polymers,  graphite)  was  investigated  and  the  results  com- 
pared with  existing  theory.  ^Ithough  the  accurate  determination  of  surface  temperature 
from  radiance  measurements  is  a.  difficult  task  with  many  pitfalls  and  sources  of  error, 
valuable  fundamental  informa tlonV^anbe  obtained  with  this  technique  if  one  exercises 
care,  ingenuity,  and  calibration  o?  the  system  actuall^used."^  As  an  example,  it  has 
been  possible  (a)  to  measure  the  detailed  temperature  distribution  over  a tiny  region 
of  elastic  (Hertz)  or  plastic  contact  in  a dry  sliding  system  and  (b)  to  relate  this 
inform  •'n  to  real  areas  of  contact7“two  of  the  most  important  unknowns  in  tribology, 
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Tribology 

Friction,  wear,  and  lubrication 

Contact  between  solids;  contact  phenomena;  solid- 
solid  contact 

Temperature  of  rubbing  surfaces 

Frictional  heating  In  interfacial  contact 

Thermal  aspects  of  solid-solid  contact 

Energy  distribution  at  interfacial  contacts 

Moving  sources  of  heat  and  the  temperature  of  slidin 
contacts 

Surface  temperatures  generated  by  friction,  solid- 
s}lid  contact,  or  other  tribological  processes. 

Mean  rise  in  surface  temperature;  maximum  rise 

Experimental  study  of  surface  temperatures  caused 
by  frictional  contact 

Infrared  techniques  for  measuring  surface  tempera- 
tures generated  by  friction 

Infrared,  radiance,  and  emissivlty  in  measuring 
frictionally-produced  surface  temperatures 


THE  PROBLEM 

One  of  the  most  Important  unknowns  In  tribology — the  study 
of  friction,  wear,  and  lubrication — is  the  temperature  of  the 
surfaces.  We  know,  for  example,  that  surfaces  get  hot  when  rub- 
bed together.  But  an  important  question  is  how  hot  do  these  sur- 
faces actually  get,  and  what  effects  do  these  temperatures  have 
on  wear,  lubrication,  and  other  surface  phenomena?  Temperature 
affects  the  physical  and  chemical  behavior  of  the  rubbing  solids; 
and  of  course  it  also  affects  the  properties  of  the  media  between 
these  solids.  In  fact,  there  is  evidence  that  temperature  may 
be  a key  not  only  to  lubricant  film  failure  (e.g.,  in  elasto- 
hydrodynamlc  lubrication)  but  to  the  formation  of  effective 
antiwear  films.  Examples  of  the  latter  effect  would  include  the 
thermal  decomposition  of  the  antiwear  additive  zinc  dlalkyldithlo- 
phosphate^^^  and  the  intentional  "in  situ"  formation  of  protective 
polymeric  films  on  rubbing  surfaces  to  reduce 

(4) 

Theoretical  studies  on  this  problem  have  been  made  by  Blok  , 
Jaeger^^\  Holm^^\  Archard^^\  Llng^®^,  and  others.  But  unfortunately, 

good  experimental  data  for  comparisons  with  theory  are  meagre; 

(9) 

it  is  a difficult  and  challenging  task  experimentally 

In  brief,  we  know  practically  nothing  about  the  magnitude  and 
distribution  of  surface  temperatures  In  real  systems — whether  dry 
or  lubricated — and  with  diverse  materials  (e.g.,  metals,  ceramics, 
polymers,  inorganic  and  organic  compounds,  pure  elements,  etc.). 

If  we  did.  It  would  aid  in  our  understanding  not  only  of  the 
mechanisms  by  which  wear  occurs  but  also  of  the  ways  in  which 
lubricants  affect  wear  through  chemical  reactions  with  and  in  the 
vicinity  of  the  rubbing  solids.  Surface  temperatures  are  likely 
to  play  an  important  role  in  a variety  of  phenomena  Including 
materials  processing  and  machining,  polishing,  the  action  of 
brakes,  frictional  welding,  spark  generation  by  friction,  drilling 
through  rock,  gun-barrel  erosion,  and  all  tribochemical  reactions. 

They  may  also  be  an  important  factor  in  the  detonation  of 
explosive  materials  either  by  accident  or  design. 
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RESEARCH  COALS 


From  a broad  point  of  view,  we  therefore  need  to  know  more 
about  all  the  various  ways  in  which  energy  can  be  delivered  to 
the  solid-solid  contact  region  (e.g.,  by  friction,  impact,  defor- 
nuitlun,  shear  of  solids  and  of  thin  lubricant  films).  We  also 
need  to  know  more  about  the  various  ways  in  which  this  energy  is 
distributed  (e.g.,  by  conduction)  and  absorbed  (e.g.,  by  heating 
of  solids,  melting,  chemical  reactions,  etc.).  This  also  implies 
that  we  need  to  examine  the  validity  and  weakness  of  existing 
surface  temperature  theory,  in  particular  as  it  applies — or  does 
not  apply — to  both  dry  and  lubricated  systems.  These  are  the 
broad,  and  longer  range  goals  of  our  research  in  this  area. 

The  specific  goals  of  the  initial  research  carried  out  under 
this  grant  during  a three-year  period  were: 

(a)  to  examine  in  detail  the  problem  of  surface  temperatures 
generated  by  relative  motion  between  solids  (e.g.,  slid- 
ing contact),  with  emphasis  being  placed  on  an  advanced 
experimental  investigation; 

(b)  to  carry  out  the  major  part  of  this  study  by  the  design, 
construction,  calibration,  and  use  of  an  essentially 
simple  sliding  contact  device  which  has  as  its  key  com- 
ponent a highly  advanced  Infrared  microscope; 

(c)  to  examine  the  surface  temperature  and  tribological 
behavior  of  some  simple  and  well-characterized  sliding 
systems  as  a beginning; 

(d)  to  study  possible  reasons  for  the  discrepancies  that 
appear  to  exist  between  theory  and  experiment. 
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BASIC  APPROACH  USED 
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The  basic  approach  used  in  this  study  was  to  design  experi- 
ments in  which  one  could  determine  the  surface  temperature  of 
extremely  small  (and  known)  regions  of  contact  under  carefully 
controlled  conditions;  by  knowing  also  the  rate  of  energy  input 
to  the  interface  and  the  properties  of  the  solids,  comparisons 
could  then  be  made  with  existing  theory.  In  order  to  make  such 
measurements,  a valid  and  reliable  experimental  technique  had  to 
be  developed;  and  this  of  course  was  the  key  to  the  entire  study. 

The  first  part  of  this  project  was  devoted  chiefly  to  the 
design,  construction,  operation,  and  calibration  of  the  rotating 
disc/infrared  microscope  system.  After  this  initial  phase,  cer- 
tain changes  and  design  modifications  were  found  to  be  essential; 
these  were  made  and  the  system  re-evaluated. 

The  experimental  device  consists  basically  of  a fixed  specimen 
(e.g.,  a sphere  or  cylindrical  flat)  loaded  against  a rotating  disc 
transparent  to  radiation  (in  this  case,  an  optically  flat  sapphire 
disc  50  mm  in  diameter  and  1 mm  thick).  Features  of  the  apparatus 
Include:  (a)  sliding  velocities  ranging  from  10“^  to  more  than 

lOm/s  (rotary  disc  speeds  up  to  about  7200  rpm);  (b)  normal  loads 
ranging  from  0.1  to  ION;  (c)  friction  measurement  and  continuous 
recording  by  means  of  a sensitive  rotary  torque  transducer;  (d)  a 
precision  X-Y  table  for  moving  the  microscope  in  scanning  across 
the  contact  region;  (e)  photographic  arrangements  for  the  optical 
channel  of  the  infrared  microscope;  and  (f)  built-in  arrangements 
for  making  transmissivity  and  emlssivlty  measurements  (e.g.,  of 
specimen  surfaces,  sapphire  discs,  blackbody  calibration  source). 

The  heart  (or  eye)  of  the  apparatus  is  a Barnes  Infrared  Radiometric 
Microscope  (Model  RM-2A)  with  a liquid  nitrogen-cooled  InSb  detector, 
control  unit,  range  extender,  and  instrument  calibration  source. 

Two  Beck  reflecting  objectives  are  used,  a 15X  objective  capable 
of  measuring  target  spots  of  3.56  x 10“ ^m  in  diameter  and  a 36X 
objective  capable  of  measuring  target  spots  of  1.78  x 10“ ^m  in  dia- 
meter. An  extremely  large  range  (lO^X)  of  constant  rotary  disc 
speeds  is  achieved  by  using  a hysteresis  synchronous  motor  and  reduc- 
tion gear  belt  drives.  The  entire  rotating  disc/IR  microscope 
apparatus  is  mounted  on  a heavy  base  plate  and  special  table  to 
minimize  vibration.  [See  Figures  1,  2,  and  3 in  Appendix] 
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SUMMARY  OF  THE  MOST  IMPORTANT  RESULTS 


1.  The  most  important  result  of  this  research  program  Is  that 
we  were  able  to  measure  the  detailed  surface  temperature 
distribution  over  a tiny  region  of  elastic  contact  (Hertz 
area)  In  a dry  sliding  system  as  well  as  in  wel l-c>iaractcrized 
systems  In  which  several  clearly-defined  discrete  areas  of 
contact  were  formed.  Furthermore,  we  have  coupled  this  infor- 
mation on  surface  temperature  distribution  with  measurements 

of  the  real  area  of  contact — two  of  the  most  important  unknowns 
in  the  field  of  tribology.  To  our  knowledge,  this  has  not 
been  done  before. 

2.  To  achieve  the  above  results,  it  was  first  necessary  to  design, 
construct,  modify,  and  develop  both  the  experimental  apparatus 
and  techniques  used  for  determining  surface  temperatures  in 
this  manner;  this  is  briefly  described  in  the  previous  section. 
So  in  a chronological  sense,  this  accomplishment  was  the  most 
important  result  because  everything  else  depended  upon  it. 

3.  The  accurate  determination  of  surface  temperatures  from  rad- 
iance measurements  is  a difficult  task  with  many  pitfalls 
and  sources  of  error.  In  fact,  we  have  identified  over  30 
potential  problems  and  sources  of  error  in  the  use  of  IR  tech- 
niques on  this  problem — many  of  these  being  anticipated. 

There  are  errors  associated  with  (a)  infrared  measurements  in 
general,  (b)  the  use  of  the  sapphire  disc,  and  (c)  sliding  con- 
tact. But  with  care,  ingenuity,  proper  calibration  techniques, 
patience,  and  time,  valuable  fundamental  information  can  be 
obtained  with  this  method — information  that,  to  our  knowledge, 
cannot  be  obtained  in  any  other  way. 

4.  Surface  temperatures  generated  at  the  solid-solid  interface 
depend  upon  (a)  the  actual  system  used  (e.g.,  the  nature  of  the 
solids),  (b)  time,  (c)  applied  load,  (d)  sliding  velocity,  and 
(e)  location  within  the  contact  region. 

5.  Comparisons  of  experimentally-determined  mean  and  maximum  sur- 
face temperatures  with  those  predicted  from  theory  show  that 
the  use  of  existing  theories  in  the  conventional  fashion  can 
lead  to  very  large  errors.  However,  if  one  pays  particular 
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attention  to  the  real  area  of  contact  (e.g.,  as  estijnated 
from  scanning  electron  micrographs),  the  mean  experimental 
values  for  surface  temperature  rise  are  not  far  from  those 
predicted  by  theory  (e.g.,  Archard).  This  is  most  encouraging. 
However,  all  theories  do  not  predict  the  same  results  and  the 
situation  with  regard  to  maximum  surface  temperatures  Is  not 
so  favorable. 

6.  Comprehensive  literature  searches  were  completed  in  three  areas, 
namely  (a)  theoretical  treatments  of  surface  temperatures  gen- 
erated by  friction,  (b)  experimental  techniques  used  on  this 
problem,  and  (c)  infrared  methods  of  measuring  surface  temperatures. 

7.  Generalized  computer  programs  based  on  Jaeger  and  Archard 
theories  were  developed  for  application  to  any  system,  any 
conditions,  over  a wide  range  of  Peclet  Numbers. 

8.  Key  results  of  our  findings  were  presented  at  International 
tribology  conferences,  including  the  Fourth  and  Fifth  Limits 
of  Lubrication  Conference  in  London  (1975  and  1977)  as  well 
as  the  Gordon  Research  Conference  on  Friction,  Lubrication, 
and  Wear  (1976).  Visits  were  also  made  to  other  laboratories 
involved  in  surface  temperature  research. 

9.  Assistance  in  this  area  was  provided  to  Plcatinny  Arsenal, 

Feltman  Research  Laboratories,  Explosives  Division,  notably 
Mr.  Joseph  Hershkowita  (Chief,  Applied  Physics  Branch)  and 
Dr.  M.  Y.  Lanzerottl.  After  examining  all  our  results,  we 
are  now  at  a point  where  we  can  very  likely  be  of  even  fur- 
ther help;  thus,  we  intend  to  send  Plcatinny  a more  com- 
prehensive and  detailed  report  of  our  techniques,  problems, 
and  results  to  date. 

10.  Using  the  rotating  sapphire  disc/infrared  microscope  device, 
the  systems  investigated  under  a wide  range  of  loads  and 
speeds  Included  five  polymers  of  varying  structure  and 
crystallinity  and  a very  pure  form  of  graphite.  Although 
these  systems  were  not  expected  to  produce  extremely  high 
surface  temperatures,  mean  rises  of  up  to  150-200®C  have 
been  observed.  More  details  may  be  found  in  the  Appendix 
section  SOME  SPECIFIC  CONTRIBUTIONS,  a summary  of  results 
obtained  by  the  Graduate  Research  Assistants  who  worked  on 
this  project. 
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ABSTRACTS  OF  THESES 


1.  AN  EXPERIMENTAL  METHOD  FOR  MEASURING  SURFACE  TEMPERATURES 
GENERATED  BY  FRICTION,  by  James  Wiggins  II,  December  1974. 

A device  for  measuring  surface  temperatures  generated  by 
friction  was  designed  and  constructed.  The  method  consists 
of  detecting  and  measuring  the  Infrared  radiation  emanating  * 

from  the  frictional  interface  of  a rotating  sphere-on-flat 
mechanism. 

The  device  uses  an  infrared- transparent  sapphire  disc 
as  its  rotating  member.  The  infrared  radiation  is  detected  ; 

and  converted  to  radiance  by  a Barnes  Model  RM-2A  radiometric 
microscope.  This  instrument  is  capable  of  measuring  the  rad- 
iance of  interfacial  areas  as  small  as  0.0008  cm  in  diameter.  < 

The  radiance  values  are  then  mathematically  converted  to  temp-  1 

erature.  The  sapphire  disc  is  rotated  by  a system  of  gear 
pulleys  and  timing  belts  powered  by  a 125  watt  motor.  This 

system  provides  sphere-on-flat  sliding  speeds  of  0.35  to  j 

4500  cm/s.  Friction  is  generated  by  loading  a spherical  test 

specimen  against  the  bottom  side  of  the  rotating  sapphire  i 

disc.  The  specimen  is  attached  to  one  end  of  a lever-fulcrum  j 

mechanism.  Loads  of  0.1  to  ION  can  be  applied  to  the  disc  by  " 

loading  the  other  end  of  the  lever.  I 

After  the  construction  of  the  device  was  completed  some  j 

simple  tests  were  conducted  to  observe  the  general  perform-  I 

ance  of  the  machine.  The  test  results  along  with  suggestions  | 

for  possible  areas  of  improvement  are  discussed. 

2.  INFRARED  MEASUREMENTS  OF  SURFACE  TEMPERATURES  IN  AN  UNLUBRICATED 
SLIDING  SYSTEM,  by  David  I.  Omori,  August  1975. 

One  of  the  most  Important  unknowns  when  two  contacting 
surfaces  are  in  relative  motion  is  the  temperature  distribution 
at  the  area  of  contact.  To  experimentally  measure  this  sur- 
face temperature,  a technique  centered  around  the  use  of  a 
highly  advanced  infrared  microscope  [i.e.,  the  Barnes  Radio- 
metric Microscope]  was  developed  and  used. 

The  infrared  microscope  is  capable  of  measuring  the  temp- 
erature of  a very  small  area  [e.g.,  1.78  x 10“^  m in  diameter 
for  a 36X  objective]  which  is  many  times  smaller  than  the  real 
area  of  contact.  Thus,  more  detailed  information  on  the  area 
of  contact  [i.e.,  the  temperature  distribution]  could  be 
obtained  from  this  technique  than  from  previous  methods. 

The  system  that  was  first  examined  was  a fixed  poly- 
caprolactam [i.e..  Nylon  6]  sphere  loaded  against  a rotating 
sapphire  disk.  This  combination  provided  a number  of  desirable 
features  among  which  were  the  simple  calculations  of  the  elastic 
area  of  contact  and  the  constancy  of  the  plane  of  contact. 

Using  this  system,  the  effects  of  time,  load,  speed,  and  loca- 
tion in  the  area  of  contact  on  the  radiance  and  surface  temp- 
erature were  Investigated;  comparisons  between  experimental 
results  and  existing  theory  were  also  made. 
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3.  EXPERIMENTAL  INVESTIGATION  OF  SURFACE  TEMPERATURES  OF  SOME 
POLYMERS  IN  UNLUBRICATED  SLIDING,  by  Stephen  LI,  August  1976. 

An  experimental  method  capable  of  measuring  the  Instant- 
aneous surface  temperatures  of  very  small  areas  (e.g.,  1.778 
X 10“^  m In  diameter)  was  developed  and  used  to  investigate 
the  frictional  Interface  of  a sliding  system — a fixed  polymer 
sphere  loaded  against  a thin  sapphire  disk. 

Basically,  the  method  involves  measuring  the  infrared 
radiance  (which  can  be  converted  to  temperature  mathematically) 
from  the  contact  area  with  a highly  advanced  Infrared  micro- 
scope. Friction  at  the  Interface  is  also  obtained  simultaneously. 

In  this  research,  the  surface  temperatures  of  four  dif- 
ferent polymers,  namely  high  density  polyethylene,  polytetra- 
fluoroethylene,  polystyrene,  and  polymethylmethacrylate  were 
investigated.  Effects  of  load  and  sliding  speed  on  the  friction 
and  wear  behavior  of  the  polymers  were  examined.  Finally,  the 
experimental  results  were  compared  with  theoretical  calculations, 
and  reasons  for  the  discrepancies  were  discussed. 

4.  AN  EXPERIMENTAL  INVESTIGATION  OF  THE  SURFACE  TEMPERATURE  OF 
GRAPHITE  IN  A SLIDING  SYSTEM  USING  AN  INFRARED  MICROSCOPE,  by 
Melvin  H.  Richardson,  August  1976. 

Several  very  Important  problems  remain  unsolved  in  the 
field  of  Tribology.  For  example,  we  do  not  know  the  detailed 
nature  and  distribution  of  the  real  areas  of  contact  when  one 
solid  body  slides  over  another.  Furthermore,  we  know  very 
little  about  the  actual  surface  temperatures  produced  in  such 
systems.  These  two  important  unknowns  are  related  and  formed 
the  basis  for  an  investigation  conducted  at  Virginia  Poly- 
technic Institute  and  State  University. 

An  experimental  apparatus,  using  a sliding  system,  was 
constructed  to  study  these  problems.  The  sliding  system  con- 
sisted of  SA-35  graphite  test  specimens  loaded  against  a 
rotating  sapphire  disk.  A scanning  electron  microscope  was 
used  to  obtain  detailed  information  on  the  size  and  shape  of 
the  areas  of  contact  between  the  graphite  and  the  sapphire. 

The  surface  temperature  In  the  area  of  contact  was  determined 
by  using  a Barnes  Infrared  Microscope  which  measured  the  rad- 
iance from  the  area  of  contact.  Since  the  target  spot  of  the 
microscope  was  much  smaller  than  the  areas  of  contact,  the 
temperature  distribution  over  the  microscopic  area  of  contact 
could  be  determined.  The  results  of  the  experimental  study 
were  compared  with  the  temperature  rises  in  the  area  of  contact 
predicted  by  the  theories  of  Blok,  Archard,  Jaeger,  and  Holm. 
Possible  reasons  for  discrepancies  between  theory  and  experiment 
were  also  examined. 
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SOME  SPECIFIC  CONTRIBUTIONS 


1.  Wiggins  (10)  initiated  the  detailed  design,  development,  and 
construction  of  the  rotating  disc  device  for  measuring  inter- 
facial surface  temperatures  under  a variety  of  static  and 
dynamic  conditions;  this  "first-generation"  device  was  then 
tested  and  examined  for  future  Improvements.  An  initial  com- 
puter program  based  on  Archard's  theory  was  also  written. 

2.  Omori  (11)  made  further  improvements  in  the  system  and  dev- 
eloped a test  procedure  for  measuring  radiance  and  surface 
temperature.  He  then  used  polycaprolactam  (Nylon  6)  against 
sapphire  as  a model  system  to  investigate  in  detail.  He 
found  an  effect  of  time  on  surface  temperature  which  was 
paralleled  by  changes  in  friction  and  that  Increasing  either 
the  applied  load  or  speed  led  to  an  increase  in  surface  temp- 
erature; the  rise  in  temperature  was  a function  of  the  total 
rate  of  frictional  heat  supply  (J/s).  Experimental  values 
for  mean  rises  in  surface  temperature  generally  compared 
favorably  with  those  predicted  from  Archard's  theoretical 
treatment.  [See  Figure  4 in  the  Appendix] 

3.  Li  (12)  extended  Omori's  work  by  investigating  the  tribolog- 
ical and  surface  temperature  behavior  of  four  additional 
polymers  varying  in  structure  and  degree  of  crystallinity, 
namely  (a)  polyethylene  (high  density),  (b)  polytetraf luor- 
oethylene,  (c)  polystyrene,  and  (d)  polymethylmethacrylate. 

He  found  that  where  AT^  = experimentally-determined 

mean  rise  in  surface  temperature,  Q = total  rate  of  frictional 
heat  supply  (fWV  or  J/s),  C = a constant  depending  on  the 
polymer,  and  n ranging  from  0.74  to  0.92  depending  on  the 
polymer.  Scanning  electron  micrographs  of  the  worn  surfaces 
of  the  polymers  were  used  to  estimate  the"real"  area  of  con- 
tact and  this  was  found  to  increase  with  Increasing  load  and 
speed.  Comparisons  with  Archard's  theory  showed  a more  com- 
plex situation,  i.e.,  for  the  more  crystalline  polymers,  the 
assumption  of  elastic  deformation  provided  reasonable  agree- 
ment and  theory;  for  the  amorphous  materials,  the  experimental 
values  were  always  lower  than  the  theoretical  predictions.  It 
was  concluded  that  the  most  important  single  factor  is  the  real 


14 


area  of  contact  and  how  It  Is  distributed. 

4.  Richardson  (13)  investigated  the  behavior  of  a pure  graphite- 

) 

on-sapphire  system  using  spherical  test  specimens  with  a ' 

cylindrical  protrusion  of  varying  diameter.  Emissivity  of 
the  graphite  test  specimens  was  measured  using  the  infrared 
microscope  and  found  to  be  a function  of  temperature,  con- 
tact (with  sapphire),  and  wear.  The  mean  surface  temperature 
rise  increased  markedly  with  increasing  velocity  and  also 
as  the  diameter  of  the  graphite  specimens  decreased.  The 
latter  effect  is  entirely  unexpected.  Comparisons  with  theory 
were  made  on  the  basis  of  contact  area  calculations  made  from 
(a)  assuming  plastic  deformation,  (b)  shear  strength  and 
friction  force  (Bowden  and  Tabor  adhesion  theory),  and  (c) 
scanning  electron  micrographs  of  the  graphite  contact  region. 

The  results  show  the  necessity  of  measuring  or  considering 
the  real  areas  of  contact  in  any  study  of  surface  temperatures 
produced  by  friction.  These  areas  can  best  be  approximated 
from  scanning  electron  micrographs  of  the  contact  zone;  cal- 
culated areas  of  contact  from  plastic  deformation,  for  example, 
may  lead  to  very  large  errors  in  calculated  rises  in  surface 
temperature. 
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One  of  the  most  Important  unknovms  in  tribology  is  the  tempera- 
ture of  the  rubbing  surfaces.  Temperature  affects  the  physical  and 
chemical  behavior  of  the  rubbing  solids  and  of  that  which  is  be- 
tween the  rubbing  solids  (e.g.,  lubricants).  Unfortunately  we  know 
very  little  about  the  magnitude  and  distribution  of  surface  tempera- 
tures in  real  systems,  and  this  is  due  in  part  to  the  experimental 
difficulties  involved. 

During  the  past  year,  the  authors  have  been  working  on  a 
research  project  (funded  by  the  U.S.  Army  Research  Office)  in 
which  the  emphasis  is  on  the  experimental  determination  of  sur- 
face temperatures  by  means  of  a rather  simple  device  built  around 
the  use  of  an  infrared  microscope.  The  device  consists  basically 
of  a fixed  specimen  (e.g.,  a sphere)  loaded  against  a rotating  disc 
transparent  to  infrared  radiation  (in  this  case,  a sapphire  disc). 
Although  this  general  approach  has  been  used  recently  by  Winer  et 
al  to  determine  oil  film  temperatures  under  elastohydrodynamic  con- 
ditions, the  emphasis  in  our  study  is  on  (a)  dry  systems  for  com- 
parison with  Blok,  Jaeger,  Archard  (and  modified)  theory,  and  (b) 
chemical  effects  (e.g.,  in  boundary  lubrication)  related  to  film- 
formation  on  rubbing  surfaces. 

This  paper  discusses  two  main  areas,  namely,  problems  in  the 
use  of  infrared  techniques  for  measuring  surface  temperatures  gen- 
erated by  friction,  and  examples  of  recent  results  obtained  with 
polymer-on-sapphire  systems  including  comparisons  with  theory. 

In  brief,  the  accurate  determination  of  surface  temperatures 
from  radiance  measurements  is  a difficult  task  with  many  pitfalls 
and  sources  of  error.  But  with  care  and  Ingenuity,  valuable  funda- 
mental information  can  be  obtained  with  this  method.  As  an  example, 
we  have  been  able  to  measure  the  detailed  temperature  distribution 
over  a tiny  region  of  elastic  contact  (Hertz  area)  in  a dry  slid- 
ing system.  To  our  knowledge,  this  has  not  been  done  before. 
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BASIC  CONTACT  GEOMETRY 


Figure  1.  Contact  Geometry  in  Rotating  Disc/Infrared  Microscope  System 


TEST  CONDITIONS 

DISC 

SAPPHIRE  FLAT 

1 1 mm  THICK;  50mm  DIAM.I 

SPHERES 

ANY  MATERIAL 

13-12  mm  DIAM.I 

LOAD 

0.1  - 10  N 

DISC  SPEED 

1 - 10,000  RPM 

LOAD  X SPEED 

10®  X 

SLIDING  VELOCITY 

10  ® - 10  m/s 

Figure  2.  Range  of  Test  Conditions  Possible 
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CALCULATED  ELASTIC  DEFORMATION 
OF  SPHERES  ON  SAPPHIRE  FLAT 


PTFE 


I 
I 

3.  Comparison  of  Target  Spot  Size  with  Areas  of  Elastic  Deformation 
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fWV(N-m/s) 


4.  Example  of  Experimental  Mean  Surface  Temperature  Rise  vs. 
Rate  of  Heat  Supply 
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